Bacteria currently classified as Prevotella ruminicola (formerly Bacteroides ruminicola) constitute one of the most numerous groups recovered from the rumen and from regions of the hindgut of many mammalian species (4, 12, 13, 18, 19, 22, 25) . Many strains have activities that suggest that they play important roles in the utilization of polysaccharides of plant origin, including xylans, pectins, and starch (6, 7, 14) , and in the metabolism of peptides and proteins (17, 21, 26, 28) . There is now abundant evidence from partial 16s ribosomal DNA (rDNA) sequence, DNA-DNA hybridization, and total-protein sodium dodecyl sulfate-polyacrylamide gel electrophoresis analyses that strains currently classified as P. ruminicola can be extremely diverse at the genotypic level (2, 15, 16) . Formal reclassification into new species was deferred previously for several reasons. Mannarelli et al. (15) were able to form a coherent group of strains related to the type strain of P. ruminicola, strain 23, from DNA hybridization and DNA base composition data, but were unable to group any of the remaining strains that they studied, which included P. ruminicola subsp. brevis type strain GA33, on the basis of these criteria. On the basis of 16s rDNA sequences and PCR amplification data obtained with diagnostic sequences, AvguStin et al. (2) were able to identify three groups of rumen strains related to strains 23T (T = type strain), GA33T, and B,4T which were considered the basis for new species, but it was felt that reclassification should await the demonstration of phenotypic differences. Here we report the results of an investigation of phe- notypic differences among these three groups and a fourth strain group recognized from a study of additional strains. As a result of our findings, we propose a reclassification which we hope will facilitate future physiological, ecological, and genetic work on this important group of strictly anaerobic bacteria.
MATERIALS AND METHODS
Strains. The origins of the bacterial strains have been described previously (2, 16). Strains were grown anaerobically at 38°C in M2GSC medium (the liquid form of medium 2 of Hobson [ll] modified to contain 30% rumen fluid and 0.2% soluble starch, as well as 0.2% cellobiose and 0.2% glucose as energy sources) which was prepared anaerobically under 0,-free CO, (3). Medium containing 0.2% glucose as the only added energy source is referred to below as M2G medium.
DNA G+C contents. Chromosomal DNAs were extracted from strains 52/3 and 79/1 and their melting temperatures were determined as described previDNase activities. Cultures were grown at 38°C to the stationary phase and were centrifuged for 15 min at 2,000 X g. Nonmethylated A phage DNA (A C1857 Sam7 propagated in dam dcm Escherichia coli GM119; catalog no. D-3654; Sigma) or circular plasmid pBR322 DNA (host, E. coli HBlO1; Pharmacia) was added to samples of culture supernatant at a final concentration of 5 p,g/ml, and this was followed by incubation for 30 s or 10 min at 30°C. Reactions were terminated by extraction with an equal volume of a 5050 (vol/vol) mixture of Tris-equilibrated phenol (pH 7.4) and chloroform, and samples of the aqueous phase were analyzed by electrophoresis in 0.6% (wt/vol) agarose gels (8). A positive reaction was a reaction in which the detectable intact DNA disappeared within 10 min. The results of these assays corresponded with the results obtained when clear zone formation around colonies grown on M2GSC agar plates containing 2 mg of herring sperm DNA per ml (20) was examined.
Substrate fermentation tests. Cells were grown to the late exponential phase in M2GSC broth media, recovered by centrifugation at 3,000 X g for 10 min, and resuspended anaerobically in the same medium without sugars or resazurin but with 0.017% (wt/vol) bromocresol purple as a pH indicator. API 50CH strips (API System S.A., Lyon, France) were inoculated by using the manufacturer's recommended methods and were incubated in an anaerobic glove box (Scholzen Technik, Kriens, Switzerland) at 38°C under a 100% CO, atmosphere. The strips were read after 6,24,48, and 72 h. Strains were also analyzed for growth (optical ously (2). 
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The numbers in brackets are the numbers of strains examined. The strains examined were the strains listed in Table 2 and P. bryuntii 92/1. The P. brevis-like and P. ruminicolu-like isolates were included with the P. brevis and P. rurninicolu isolates, respectively.
' +, positive reaction; -, negative reaction; w, weak reaction; -/w, negative or weak reaction. The superscripts indicate the less common reaction and the number of strains that exhibit that reaction (in parentheses).
' . All strains fermented D-glucose, D-fructose, galactose, L-arabinose, esculin, cellobiose, and lactose. None of the strains fermented glycerol, erythritol, adonitol, L-sorbose, dulcitol, inositol, mannitol, sorbitol, trehalose, xylitol, L-xylose, P-methyl-xyloside, D-lyxose, D-fUCOSe, D-arabitol, 2-keto-gluconate, or 5-keto-gluconate.
A positive reaction was a reaction in which the change in the OD,,, was greater than 0.5 U or the reduction in culture pH was greater than 0.5 U compared with basal media that contained no added energy source and were inoculated simultaneously. A weak reaction was a reaction in which the change in OD,s,, or pH was between 0.2 and 0.5 U. Some cultures exhibited significant changes in OD,,,, but no significant change in pH (e.g., five of the six P. btyuntii strains when grown with xylose), while other cultures exhibited changes in pH but no significant increases in OD,,,.
density at 650 nm [OD,,,]) and for changes in the culture pH following inoculation of basal M2 broth media containing a selection of single substrates (0.2%, wt/vol). The tubes were compared with tubes containing basal M2 medium inoculated simultaneously.
Polysaccharide degradation tests on agar plates. To detect polysaccharidase activities, plates were prepared containing 1% (wt/vol) Bacto Agar (Difco) and 0.2% carboxymethyl cellulose (CMC) (catalog no. C-4888; Sigma), 0.2% oat spelt xylan (catalog no. X-0627; Sigma), or 2.0% maize starch (catalog no. D-5751; Sigma) in 50 mM sodium phosphate buffer (pH 6.5) containing 1 mM DL-dithiothreitol (DTT). The same strain differences were observed whether the plates were prepared and incubated aerobically or were prepared anaerobically and incubated in a Coy anaerobic cabinet in an atmosphere containing 55% CO,, 40% N,, and 5% H,. Portions (3 pl) of a freshly harvested culture that had been grown for 24 h in M2GSC medium were spotted on the surfaces of the agar plates. After 16 h of incubation at 38"C, CMC hydrolysis and xylan hydrolysis were visualized by staining with Congo red (23) , and starch degradation was visualized by staining for 5 min with 5X-diluted Gram's iodine.
Casein hydrolysis. ['4C]casein hydrolysis (26) was determined by using samples from cultures grown for 40 h in M2G medium. Incubations were performed anaerobically for 2 h at 38°C before addition of trichloroacetic acid to a concentration of 5% (wt/vol) and centrifugation at 13,400 X g for 3 min. Solubilized radioactivity was determined from the supernatant by liquid scintillation counting with a model 1900 CA Tri-Carb instrument (Packard).
Screening cultures for peptidase activities. Overnight cultures were harvested by centrifugation at 27,500 X g for 15 min at 4°C. The pellets were washed once with anaerobic 25 mM potassium phosphate (pH 7.0) and resuspended to onehalf the original volume in the same buffer. Activity against Ala,-p-nitroanilide (Ma,-pNA) was determined in continuous assays by using a plate reader fitted with a 420-nm filter. Each assay mixture contained 100 pl of 4 mM Ala,-pNA dissolved in anaerobic 25 mM potassium phosphate buffer (pH 7.0), 50 pI of DTT, and 50 pl of washed cell suspension, and the rate of reaction at 39°C was calculated from the initial rate of release of p-nitroanilide. A continuous fluorimetric assay was carried out with 4-methoxynaphthylamide (MNA) substrates by using a fluorimetric plate reader equipped with a 365-nm excitation filter and a 450-nm emission filter. Most of the assay mixtures contained 20 pl of a 2.5 mM substrate solution dissolved in buffer. The only exception was the assay mixture for Leu Val-MNA, which was dissolved in ethanol; this mixture contained 50 pl of 4 mM DTT, 80 pl of water, and 50 pl of cell suspension or extract. The plates were incubated and the rates of hydrolysis were calculated as described above for Ala,-pNA hydrolysis, All centrifugations and transfers were carried out under CO,. Protein contents were determined by using the Folin reagent with bovine serum albumin as the standard.
RESULTS AND DISCUSSION
Genotypic variation. Thirty-one isolates formerly considered P. ruminicola strains were included in this study. These strains included 27 of the 29 isolates previously studied by AvguStin et al. (2). The two strains omitted were strain TC20, which was not recognized by a Bacteruides-Prevutella-specific oligonucleotide, and strain NCFB 2202, which on the basis of recent evidence from 16s rRNA profiling (30) is more closely related to Bacteruides spp. than to the genus Prevotella. In addition, strains 92/1 and 92/2, which resemble B,4T, and strains 52/3 and 79/1, which resemble M384T in their total-protein sodium dodecyl sulfate-polyacrylamide gel electrophoresis patterns (16), were also included. Of the 31 strains studied, 12 are recognized by an oligonucleotide specific for the strain 23T group of strains, 6 (including 92/1 and 92/2) are recognized by an oligonucleotide specific for strains related to B,4T, and 4 are recognized by an oligonucleotide specific for strains related to GA33T, as reported previously (2). In addition, strains 52/3 and 79/1 are recognized by an oligonucleotide designed to recognize strains related to M384T $I). For clarity, below we refer to isolates related to strain 23 as P. ruminicola (redefined), isolates related to strain GA33T as Prevotella brevis sp. nov., isolates related to strain B,4T as Prevotella bryantii sp. nov., and isolates related to strain M384T as Prevotella albensis sp. nov. DNA G + C values are summarized in Table 1 . The values for strains 52/3 (39.7 mol%) and 79/1 (39.4 mol%) were determined in this study; the values for other strains were from previous determinations (2). Table 1 shows that the DNA G+C contents of P. byantii and P. albensis strains are significantly lower than the DNA G+C contents of P. brevis and P. ruminicola strains.
Six of the isolates, which have G+C contents between 45 and 51 moI%, were not recognized by any of the four specific oligonucleotides and differ significantly in their 16s rDNA sequences from the other strains (2). On the basis of their phenotypic characteristics four of these strains (223/M2/7, TF2-5, TC2-28, and TC2-24) are described below as P. ruminicola-like and two (9958/78 and TS2-7) are described as P. brevis-like.
Polysaccharidase activities. Strains were screened for the ability to form clear zones when cultures were spotted onto agar containing oat spelt xylan, CMC, or starch ( Table 1 ). All of the strains except M384T gave clear zones (diameter, >5 mm) on plates containing starch. All 16 P. ruminicola strains (strains related to 23T) gave clear zones on plates containing CMC and xylan. All six P. byantii strains (strains related to B,4T) gave clear zones with CMC, although three gave no obvious clear zones with xylan. The carboxymethyl cellulase (CMCase) test may be the most reliable test since it has been suggested that much of the xylanase activity in Prevotella sp. is intracellular (lo), while more of the CMCase may be expressed on the cell surface (9). The grohp of strains related to GA33T (P. brevis) was distinguished by a failure to give clear zones on xylan-or CMC-containing plates, while the three P. albensis strains gave weak or no clear zones (Table 1) .
Substrate utilization patterns. The substrate fermentation reactions of 23 strains were tested by using API 50CH and API 20A test kits. Clear results were not always obtained with API 20A kits, in part because of decolorization, and the results given in Table 1 are based on API 50CH tests. Clear differences were found between P. brevis and P. byantii strains, with P. brevis showing negative reactions for xylose, arbutin, and salicin and a positive reaction for N-acetylglucosamine. Fermentation reactions for xylose, inulin, salicin, and gum arabic were also assessed by examining growth and pH changes in medium 2 (Table 1) . Four P. brevis strains were the only strains to exhibit significant growth on gum arabic, although the two P. brevis-like strains failed to grow and some strains of other species gave significant pH changes. The failure of P. brevis strains to ferment arbutin or salicin contrasts with the finding of Bryant et al. (4) that GA33T fermented salicin. It seems possible that this characteristic of GA33T could have changed since it was first examined. The fermentation patterns obtained for P. albensis suggested that strains of this species may fail to ferment sugars (such as mannose, sucrose, and melibiose) that are fermented by most strains of the other species. P. ruminicola strains showed quite variable fermentation reactions.
DNase activities. Production of extracellular DNase activity is considered an attribute of strains presently classified as P. ruminicola subsp. brevis (13, 20) . DNase activity released into culture supernatants during growth was assessed by a simple gel assay described previously (8) and by the formation of clearing zones in agar plates containing DNA. P. brevis and all of the P. bryantii strains except one (TC1-1) showed particularly high extracellular DNase activity, while only two of the P. rumhicola strains examined showed similarly high levels of DNase activity (Table 1) .
Peptidase and proteinase activities. Prevotella strains have an important role in protein and peptide metabolism in the rumen. The protease activities are similar in their properties to the activities of the mixed rumen population (26) . All of the strains examined exhibited hydrolytic activity against 14C-labelled casein (Table 2) , although the specific activity varied widely between strains. There was no strong correlation with the proposed new species, although P. brevis strains all exhibited high activities, Dipeptidyl peptidase appears to be the predominant mechanism of catabolic peptide metabolism in the mixed rumen population (27, 29) , and Prevotella strains are the main bacteria that possess dipeptidyl peptidase activities (16, 28) . Several dipeptidyl peptidase activities were present in all of the strains (Table 2) . P. ruminicola strains showed no consistent pattern, but P. brevis strains tended to exhibit high levels of activity against GlyPro-MNA and LysAla-MNA and low levels of activity against GlyArg-MNA, while P. albensis exhibited high levels of activity against GlyArg-MNA and ArgArg-MNA. P. biyantii exhibited lower levels of activity against all substrates than P. albensis, particularly ArgArg-MNA. Thus, the peptidase activities of Prevotella strains can be useful in confirming identification by the phenotypic characteristics described in Table 1 .
Conclusions. The phenotypic differences in substrate utilization and polysaccharidase activities among the four strain groups related to strains 23T, GA33T, B,4T, and M384T, which were previously shown to differ genotypically, justify separation of these groups into the new species defined below. While there is evidence that 6 of the 31 strains studied show significant genetic divergence from the type strains of the four species and could conceivably warrant separate species status in the future, such status is not proposed at present because of the lack of additional related strains and the lack of convenient distinguishing tests. For this reason these strains are described as P. ruminicola-like or P. brevis-like on the basis of their phenotypic characteristics (Tables 1 and 2) .
Emended description of Prevotella ruminicola. A complete description of Prevotella ruminicola subsp. ruminicola (formerly Bacteroides ruminicola subsp. ruminicola) biovar 1 (which includes type strain 23 [ = ATCC 191891) was given by Holdeman et al. (13) . Here P. ruminicola is redefined more narrowly to include only those strains that have DNA G + C contents between 45 and 52 mol%. Most strains produce clear zones, which are visible after staining with Congo red, when stationary-phase cultures are spotted onto agar plates containing CMC. Most strains produce little or no detectable extracellular DNase. Most strains ferment arbutin, salicin, D-raffinose, Dmannose, sucrose, and melibiose. The type strain of this species is strain 23 (= ATCC 19189), which was the type strain of P. ruminicola subsp. ruminicola. All of the strains studied previously have a strict requirement for heme for growth in the absence of rumen fluid (4, 5, 13) .
Description of Prevotella albensis s p. nov. Prevotella albensis (al.ben'sis. M. L. adj: albensis, referring to Alba, the ancient name for Scotland north of the Forth and Clyde, where the type strain was isolated). A complete description of Prevotella ruminicola subsp. rumirticola (formerly Bacteroides ruminicola subsp. ruminicola) biovar 7 (to which type strain M384 shows the closest physiological resemblance) was given by Holdeman et al. (13) . This new species includes a group of strains that have DNA G + C contents between 39 and 43 mol% and show weak or no CMCase activity in plate tests. Strains may fail to ferment melibiose, sucrose, D-mannose, N-acetylglucosamine, D-raffinose, or inulin, but most strains ferment xylose. Heme stimulates the growth of M384T on media lacking rumen fluid (24, 26 mol%. Most strains produce abundant extracellular DNase activity, do not exhibit CMCase activity in plate tests, and do not ferment xylose, salicin, arbutin, and rhamnose but do ferment N-acetylglucosamine. Many strains can grow with gum arabic as an energy source. Like P. bryantii, P. brevis strains often have coccoid to oval cell morphology (4, 13). Description of Prevotellu bryantii sp. nov. Prevotella bryantii (bry.an'ti.i. L. gen. n. bryantii, of Bryant, named after Marvin Bryant, an American microbiologist). A complete description of Prevotella ruminicola subsp. brevis (formerly Bacteroides ruminicola subsp. brevis) biovar 3 (which includes type strain B,4) was given by Holdeman et al. (13) . This new species includes strains that resemble strain B,4= and have DNA G+C contents between 39 and 43 mol%. Most strains give clear zones on CMC-containing plates, produce abundant extracellular DNase, and ferment xylose, salicin, arbutin, rhamnose, and inulin but do not ferment N-acetylglucosamine. The type strain is strain DSM 11371.
